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FOREWORD 


This  report  was  prepared  under  USAF  Contract  No,  AF  33(fcl6)-7065  with  Nu¬ 
clear  Metals,  Inc.,  Wed  Concord,  Massachusetts,  as  the  prime  contractor.  The 
contract  was  Initiated  under  Project  No,  7351,  "Metallic  Materials,"  Task  No, 
735104,  "berylllun  and  Berylllim  Alloys."  The  work  was  administered  under  the 
direction  of  the  Metals  and  Ceramics  Division,  Air  Force  Materials  Laboratory, 
Research  and  Technology  Division,  with  Mr.  K.  L.  Kojola  and  Capt,  P,  S.  Duletsky 
acting  as  project  engineers. 

The  portion  of  the  work  covered  by  this  volume  was  performed  under  Subcon¬ 
tract  No.  4,  "A  Study  of  the  Brittle  Behavior  of  Berylll\jn  by  Means  of  Transmis¬ 
sion  Electron  Microscopy,"  by  The  Franklin  Institute  Laboratories,  Philadelphia, 
Pennsylvania,  The  authors  of  this  volume  are  Mr.  F,  Wilhelm  and  Dr,  H.  G,  F, 
Wllsdorf  of  The  Franklin  Institute  Laboratories. 

This  report  covers  the  period  of  work  from  1  July  I960  to  31  March  1963. 

The  Air  Force  gratefully  acknowledges  the  assistance  provided  by  Dr.  A.  R. 
Kaufmann  of  Nuclear  Metals  in  editing  this  report. 


ABSTRACT 


Gild*  dislocations  in  berylllun  1  ciaens  were  studied  by  direct  observa- 
tio..  with  an  electron  microscope.  The  ;  rocedures  are  described  by  which  speci¬ 
mens  were  heat  treated  and  deformed  as  well  as  the  technique  used  to  obtain 
electron-transparent  specimens  from  bulk  berylllt*. 

Investip^ations  made  on  polycrystalline  Pechlney  flake  berylllv*,  on  com¬ 
mercial  purity  single  crystal  plates,  and  on  high  purity  single  crystal  tensile 
specimens  are  described. 

Glide  dislocations  in  berylllian  are  strongly  hindered  in  their  movements 
and  are  often  pinned  by  lattice  imperfections  and  larger  precipitate  particles, 
especially  in  berylllimi  of  commercial  pxirlty.  Dislocation  tangles  have  been 
observed  in  deformed  Pechlney  flake  berylllvn  and  in  crystals  of  comorcial  pu¬ 
rity;  the  presence  of  round  as  well  as  elongated  prismatic  dislocation  loops  is 
in  evidence.  Dislocations  of  different  slip  systems  may  react  to  form  incipi¬ 
ent  networks.  In  specimens  where  dislocation  pinning  is  loss  pronounced,  dis¬ 
locations  have  a  tendency  to  align  themselves  along  crystallographic  directions. 
In  high  purity  tensile  spec imen3,_dl8locat ion  bundles  of  high  density  are  founJ 
to  lie  in  the  basal  plane  in  a  <1100 >  direction  perpendicular  to  the  principal 
glide  direction.  Many  of  these  dislocations  are  dipoles.  It  is  found  that 
most  dislocation  reactions  are  confined  to  relatively  thin  glide  packets  par¬ 
allel  to  the  basal  plane.  Rarely  have  dislocation  motions  been  observed  under 
the  stress  created  by  a  high-intensity  electron  beam  in  the  microscope,  A  high 
Peierls-Nabarro  force  as  well  as  high  stacking  fault  energy  in  berylll\mi  is 
concluded.  An  inference  is  drawn  with  regard  to  the  brittleness  problem  of  be- 
rylllv*. 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


I.  PERLMUTTER 

Chief,  Physical  Metallurgy  Branch 
Metals  and  Ceramics  Division 
Air  Force  Materials  laboratory 
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I.  IKTRODOCTION 


The  purpose  of  this  project  was  to  InTeatlgate  the  behaTlor  of  dislocations 
in  beryllliB  and  to  contribute  to  the  understanding  of  the  brittleness  problaa. 
The  dislocation  patterns  in  beryllixai  have  been  examined  by  means  of  transmla- 
8 ion  electron  microscopy,  which  method  require  that  specimens  to  be  Investigated 
be  thinned  down  by  appropriate  techniques  so  that  they  became  transparent  to  the 
electron  beam  in  the  microscope.  A  special  technique,  based  on  diffraction  phe¬ 
nomena  which  are  caused  by  lattice  imperfections  in  crystals,  allowed  the  direct 
observation  of  dislocations  with  high  resolution  and  magnification. 


II.  SCOPE  OF  PROGRAM 


It  was  proposed  to  study  berylllua  samples  of  different  ljap\2rity  content, 
in  order  to  assess  the  effect  of  impurities  on  the  ductility. 

A.  Folycrystalllne  specimens  of  vacum-melted  Pechiney  flake  beryllli* 
were  obtained  from  Nuclear  Metsds,  Inc.  in  the  fora  of  small  plates  12  x  12  ■§ 
In  size  or  larger,  and  O.',-  to  1.2  mm  thick,  with  grain  sizes  of  1  to  2  bb  in 
diameter.  In  the  process  of  fabrication,  they  had  received  an  unknown  heat 
treatment  and  some  deformation  by  cutting  and  subsequent  grinding.  Electron 
microscope  specimens  were  prepared  from  this  material  (1)  "as-received",  (2) 
after  annealing  at  900®C  for  2  hours  in  a  Purgon  atmosphere  and  furnace-cooled, 
undeforaed,  (3)  annealed  in  the  same  way  but  subsequently  deformed  by  bending, 
(4)  Ice-water  quenched  from  1150®C  and  undeformed,  and  (5)  ice-water  quenched 
ani  deformed  by  ben  ling.  Spectrograph Ic  analysis  indicated  an  impurity  content 
In  parts  per  million  by  weight  as  follows  i 


A1 

80 

le 

190 

Ca 

<  50 

N1 

190 

Mg 

<  50 
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Cl 

<  25 
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Cu 

<  ^ 

t.  Beryllium  sin.’le  crystals  of  concoorcieLl  purity  were  available  as 
strips,  ap; roximately  1  mm  thick.  The  crystallographic  orientation  was  such 
that  the  basal  plane  of  the  hexagonal  unit  cell  formed  an  angle  of  approximately 
4^^  with  the  ;  lat  surface  of  the  specimens  and  was  tilted  around  the  [llOOj  di¬ 
rection  . 


•  •efore  invest  Igation  in  tl.e  electron  microscope,  this 
treated  in  various  ways:  (1)  annealed  at  1150^0  for  1  hour  in 
phere,  furnace-cooled,  and  deformed  by  compression  with  50,000 


material  was 
a  Purgon  atmos- 
and  100,000  pal, 
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ih©  coapreaslon  axle  being  perpendicular  to  the  flat  surface  of  the  strip;  (2) 
Ice-uater  quenched  fro*  1150°C,  undefonnod;  (3)  ice-water  quenched  fron  1150®C 
and  compressed  with  70,000  pal;  (4)  rapidly  quenched  from  1I50OC  by  means  of  a 
special  apparatus  to  be  described  later,  the  specimen  remaining  undeformed; 

5)  rapidly  quenched  from  1150°C  and  deformed  by  compression  with  100,000  psi; 
and,  finally,  (6)  annealed  at  1150®C  for  1  hour,  deformed  by  compression  with 
100,000  psi,  and  then  reannealed  at  800®C  for  30  minutes  for  the  purpose  of 
polygonization  studies. 

These  single  crystals  were  of  commercial  purity,  i.e.,  their  impurity 
content  was  in  the  order  of  C.Ot,  with  the  detailed  analysis  as  follows  (ppm 
by  weight) i 
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The  unxisually  high  carbon  content  may  bo  due  to  a  local  enrichment  of  C  and  not 
typical  for  the  material  as  a  whole. 

C.  Very  high  pjurlty  material,  prep<ared  from  distilled  beryillvn  and  subse¬ 
quently  subjected  to  zone-refining,  was  available  In  the  form  of  single  crystal 
tensile  specimens.  Tbree  sp'ecimens  have  been  studied.  Specimen  1  was  machined 
at  The  Franklin  Institute  Laboratories  fron  distilled  beryllium  which  had  re¬ 
ceived  one  fast  zone-ref Inlr.g  pass.  Its  basal  plane  and  the  [112C7  direction 
formed  an  angle  of  45*^  with  the  crysta]  axis.  The  specimen  was  tensile  strained 
to  fracture  with  a  resulting  elongation  of  approximately  35^.  Specimens  2  and 
3  originated  from  one  and  tie  some  bar  of  distillate  and  were,  after  receiving 
six  zone-refining  passes,  machin<>d  into  tensile  specimens  by  Nuclear  Metals, 

Inc.  both  of  their  basal  planes  formed  an  angle  of  approximately  45°  with  the 
tensile  axis,  but  in  sp)ecimen  2  only  one  slip  system  in  the  basal  plane  was 
op)eratlve,  i.e.,  the  /^1120j  direction,  on  which  slip  occurred,  was  oriented  45° 
to  the  tensile  axis,  while  in  specimen  3  two  slip  systems  were  designed  to  op>- 
erate,  tne  resp'ect  i  ve  <  11*0>  directions  symmetrically  forming  angles  of  52°15  ' 
with  the  sp’ecimon  axis.  Lpv=^clmen  2  was  tensile  strained  21%,  while  s[ecimen  3 
was  elongated  only  12%.  Neither  of  the  two  specimeriS  fractured  dui'ing  the 
straining. 

No  analytic  data  on  the  purity  of  these  specimens  was  available.  An  indi¬ 
cation  of  the  purity  of  tho  materials  from  wiiich  specimens  f  and  3  were  machined 
may,  however,  be  given  by  the  ratio  of  the  electrical  resistance  at  room  tem- 
pierature  over  ti.et  at  4.2°K,  which  was  estimated  to  be  300-3f>0  by  Nuclear  Metals, 
Inc.,  the  supplier  of  the  crystals. 
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III.  TFXHNIQUES  OF  SPECIMEN  PREPARATION 


The  Bpeclmen  holder  of  the  electron  alcroacope  (a  Philips  EM  100  B  was  uaed 
for  most  of  the  Investigations)  can  accommodate  specimens  of  approximately  3  ■o' 
diameter,  with  a  maximal  thickness  of  0.5  mm.  The  crystals  to  be  studied  had, 
therefore,  after  heat  treatment  and  mechanical  straining  as  required  for  the 
particular  experiment,  to  be  cut  to  size.  For  the  specimens  as  described  under 
Section  II-A  and  E,  electrolytic  cutting  techniques  were  used  exclusively,  while 
the  tensile  specimens  mentioned  under  Il-C  were  shaped  by  the  spark-cutting 
techxlque  with  subsequent  electrojxillshlng  In  order  to  remove  possible  surface 
damage  from  the  specimens. 

One  of  th^*  main  problems  In  studying  dislocations  In  beryllium  by  means  of 
transmission  electron  microscopy  was  to  find  a  suitable  method  of  producing  thin 
metal  films,  1000  to  5000A  thick.  Two  different  electrolytic  polishing  proce¬ 
dures  .ere  omployed  during  this  project,  both  having  their  own  peculiar  advan¬ 
tages  and  disadvantages.  Reference  will  be  made  to  these  two  procedures  in  the 
following  description  of  the  "alow"  and  the  "fast"  method. 

A.  The  preparation  of  microscope  specimens  by  the  "slow"  method  required 
the  material  to  te  in  th^  form  of  small  strips,  3  mm  wide  and  approximately  0.5 
mm  thick.  The  strips  were  cut  from  the  little  beryllium  plates  by  means  of  a 
thin,  apread-out  stream  of  dilute  HNO^,  ejected  from  a  flat  Jet,  and  directed 

against  the  edge  of  the  specimen,  while  a  current  of  ca.  300  ma.  was  maintained 

to  flow  from  the  specimen  to  the  Jet.  Thin  permitted  a  fairly  accurate  and 
fast  way  of  cutting.  The  torylliin  strips  thus  obtained  were  subjected  to  the 
electropolishing  bath  (to  be  described)  and  polished  down  over  their  entire  sur- 
ffice  until  their  thl-'knesrj  was  approximately  0.5  nm.  The  next  step  required 
the  etching  of  a  series  of  small,  round  depressions  along  the  strip,  about  4  nm 

distance  between  the  dey'ress  Ions .  This  was  done  electrolyt  Ically  by  means  of  a 

fine  Jet  stream  of  dilute  nitric  acid,  directed  against  the  surface  of  the  strip, 
with  3  current  flow  of  approximately  100  ma.  The  bottoms  of  the  depressions 
were  thus  thinned  down  to  about  50-100A<.  The  strip  was  now  el^ctrolytlcally 
cut  into  littl"  3»^*gnients,  euch  containing  one  depression  pit  in  its  center. 

These  little  chips,  h/ivin^’  now  roughly  the  size  of  the  finished  micro8cop>e  spec¬ 
imens,  were  further  electropol ished  ,  until  a  small  hole  broke  through  at  the 
cenipr  of  the  depression.  Around  the  hole  a  sufficiently  large  area  was  usu¬ 
ally  produced  which  was  thin  enough  for  electron  transmission.  This  final  elec- 
tropol lahlng  process  is  rather  t  Lme-ronsuming  and  critical.  The  rpparatus  used 
for  this  "slow"  pKollshlng  Is  shown  In  Figure  1. 

The  beryllium  specimen,  which  was  held  In  the  electrolyte  by  aluminum 
twee^.-rs  (protected  by  Microstop  lacquer),  fomoJ  the  ano'le,  while  a  thin  plate 
of  stainless  steel  at  the  bottom  of  the  cell  served  as  the  cathode.  The  cath- 
O'lf  plate  bwi  1  a  amall  hole  In  its  center,  through  which  a  strong  light  beam 
was  focused  from  telou  on  the  specimen.  The  specimen  was  observed  constantly 
by  means  of  an  optical  microscope  of  about  50X  magnification,  either  by  eye 
or  by  a  pho tomul tipi ler- tr Iggored  relay  circuit,  until  the  first  breakthrough 
of  light  was  detected  at  the  center  of  the  depression.  The  specimen  was  then 
Immediately  r-'moved  from  the  polishing  bath,  washed  In  distilled  water 
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Figure  1  -  Flectropol ish i ng  apparatus  used  for  the  preparation  of 
thin  specimens  for  transmission  electron  microscopy. 

( "Slow"  method ) . 


4 


and  alcohol,  and  dried.  The  coupoaltion  of  the  electropollching  solutions  used 

was  I 

100  po.rta  orthophosphor ic  acid 
30  parts  concentrated  sulfuric  acid 
30  parts  ethanol 
30  parts  glycerol 

This  bath  was  agitated  and  kept  at  rooa  temperature.  The  electropollshlng 
process  was  slow,  reduction  in  thickness  being  approximately  4 /w  per  hovir,  A 
voltage  between  1  and  15  volts  was  'employed,  resulting  in  a  current  density  of 
approximately  20  ma/cm^.  The  curr>»nt  observed  was  remarkably  independent  of 
the  cell  voltagaj  between  2  and  20  volts  the  current  density  remained  almost 
unchanged  (Figure  2).  Best  polishing  was  obtained  between  10  and  15  volta. 

Above  15  volts,  unstable  conditions  occurrHd  occasionally,  resulting  in  a  strong 
current  surge  and  etching  under  gas  evolution.  At  voltages  near  2  volts,  the 
gas  development  at  the  specimen  (oxygen)  ceased,  and  below  1,5  volts,  hydrogen 
was  generated.  Polishing  at  these  low  voltages  was  poor,  with  etch  pits  becom- 
lr*g  a  serious  problem.  However,  it  has  been  observed  that  specimens  prepared 
under  hydrogen  development  show,  when  studied  In  the  electron  microscope,  s 
clearer  background  tlan  that  which  is  usually  found  in  specim^na  prepared  under 
oxygen  development.  It  seems  that  the  oxygen  reacts  with  the  beryllium  surface, 
causing  a  dark,  spotty  surface  film  to  form,  A  compromise  has  to  be  made  be¬ 
tween  optimum  polishing  conditions  (negligible  pitting)  and  a  clean,  smooth 
surface. 


In  work  with  polycrystalline  beryllium,  it  h^s  been  noticed  that  the 
optimum  polishing  voltage  depends  also  on  the  particular  grain  orientation, 
Slight  variations  in  voltage  cause  one  or  the  other  grain  to  be  polished,  while 
a  neighboring  grain  may  retain  its  dull  appearance  (Figure  3)»  A  word  of  cau¬ 
tion  is  in  order:  it  was  frequently  observed  that  beryllium  sj-ecimens  electro- 
polished  with  the  orthophoephorlc  acid  solution  described  showed  many  fine  dark 
dots,  between  50  and  400A  In  diameter  (Figure  4).  These  dots  were  at  first  mis¬ 
takenly  Interpreted  as  impurity  precipitates  within  the  material,  until  they 
couLl  be  Identified  as  artefacts  created  at  the  surface  of  the  sfecimens  during 
the  electropollshlng  procedure.  Eater  if Icutlon  and  polymerization  processes  In 
the  electrolyte  may  le  responsible  for  the  appearance  of  the  dark  dots. 

P.  The  "fast"  electropolishing  method  has  been  leveloped  from  the  Enuth 
System  of  electropollshlng,  making  use  of  experiences  with  the  Dlia-Electropol 
apparatus.  With  the  Ilea  app)aratu3,  thin  px^lished  fleikeB  of  material  are  ob¬ 
tained,  floating  In  the  electrolyte.  This  method  is  not  practical  for  dislo¬ 
cation  studies  because  thin  flakes  are  very  sensitive  to  'Jef">rnatlon  by  hand¬ 
ling,  and  the  prc Jetermined  crystallographic  orientation  cannot  be  marked, 
dimply  to  exchange  the  slow  electrolyte  used  in  the  previously  described  method 
failed  to  give  good  results.  A  new  apparatus  has  toon  developed  which  combines 
the  advantages  of  Diaa  with  that  of  the  "alow"  method.  Using  the  electrolyte 
E-2 ,  as  suggested  by  Saulnler  (J.  Nucl.  Materials,  2,  No.  4,  299-309,  I960), 


5 


Flf^ui’e  3  -  Different  orientations  of  crj’stal  grains  revealed  by  the 
elertropolishing  process,  60C:1, 
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iri''  I'lfK  :ot5.,  ••nMiM-'r  tre  surtare  o'"  len'IIium  speriicen, 
ar-  t,  *  t'-'  el  •■f't  r  j[<ol  IsDirg  rroc'*53  p:',;loyed.  LC,Q0C:1. 
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consliting  of  300  parta  of  copper  (II)  nitrate,  900  parts  of  methanol,  and  30 
parte  of  nitric  acid,  much  higher  current  densities  (^^80  ma/rnm^,  with  a  poten¬ 
tial  of  50  Tults  across  the  coll)  can  be  obtained.  In  the  apparatus  shown  in 
Figure  the  specimen  to  be  pyolished  la  held  by  a  spring  against  a  small  cir¬ 
cular  opening  (about  1-2  dla.)  in  the  plaatlc  mask,  thus  exposing  only  a 
srasdl  section  of  one  aide  of  the  specimen  to  the  electrolyte.  It  is  Important 
to  circulate  the  electrolyte  rapidly  in  order  to  prevent  changes  in  electrolyte 
concentration  and  an  accvnulation  of  gas  bubbles  at  the  aperture.  The  specimen 
has  to  be  polished  on  two  sides  successively;  no  previous  etching  of  depressions 
by  means  of  a  Jet  is  necessary.  Aa  in  the  conventional  "slow"  method,  the 
breaJcthrough  of  the  metal  film,  signalizing  the  presence  of  sufficiently  thin 
areas,  is  observed  by  an  optical  microscope.  With  this  apparatus,  a  specimen 
can  be  polished  through  within  a  few  minutes.  In  contrast  to  many  hours  in  the 
"slow"  method.  There  is  a  disadvantage  in  this  faster  polishing  method,  how¬ 
ever.  The  background  of  the  micrographs  from  specimens  polished  by  the  "fast" 
method  is  not  as  clear  as  that  usually  observed  in  micrographs  from  specimens 
polished  by  the  "slow"  method;  it  is  mottled  and  more  spotty,  but  dislocations 
come  out  in  a  clear,  well-defined  contrast.  Both  polishing  methods  described 
have  as  a  common  feature  the  advantage  that  the  thin  transparent  film  is  flntly 
retained  by  a  solid  frame  of  berylliiSB,  protecting  it  against  accidental  defor¬ 
mation.  Both  methods  have  been  used  in  combination,  as  the  conditions  of  the 
specimens  demanded. 


IV.  THFUMAL  TREATMENT  OF  THF  SPECIMENS 

Annealing  and  ice-water  quenching:  whcr'’vjr  the  ex;,  er  Lraent  required  heat 
treatment  of  a  specimen,  th<^  specimen  was  first  electropol ished  so  ti^at  surface 
twins  and  other  surface  damage  were  removed  tiat  otherwise  could  have  acted  as 
nucleatlon  points.  After  electropolishlng  and  cleaning,  the  specimen  was 
wrapped  in  tantalum  foil  and  sealed  in  an  evacuated  and  Purgon  filled  (0.2  atjn.  ) 
quartz  tube,  10  azn  I.D.  The  tantalum  foil  was  tc  prevent  reactions  between  the 
quartz  and  beryllium,  which  may  otherwise  lead  to  a  hard  deposit  at  th^  surf'ice 
of  the  specimens,  maxing  subsequent  electropolishlng  difficult.  Heat  treatment 
proceeded  as  prescribed  by  the  experiment.  'When  annealing  and  furnace-cooling 
was  called  for,  th*  quartz  tube  was  left  in  the  cooling  furnace  until  room  t<^ir- 
parature  was  reaci.od.  Ice-water  quenching  was  accomplished  by  m^mually  pulling 
the  quartz  tube  wit''  the  sieclmen  out  of  the  furnace  at  the  prescrlleJ  tempera- 
tui'c  ano  drop;  Ing  it  Into  Ice-watrr,  immediately  crushing  the  quartz  tube  in 
or  ler  to  permit  water  to  reach  the  sfeclmen  to  accelerate  the  quer.cl.lng.  It  is 
unavoidable  in  this  method  that  the  temperature  of  the  sp'ec  iraen  has  dropp-ed  cor,- 
siderah^y,  before  it  is  in  contact  with  the  quenching  liquid.  It  was  ther^-for* 
leslralle  to  speed  up  the  quenching  rate.  A  "rapid  quenching  apparatus"  has 
leer,  built  to  meet  this  requ  1  r <■  r.ent  (see  Figures  6,  7,  and  8).  The  ber\lll  ur. 
specimen,  about  1  x  x  2*^  mii  in  size,  was  contained  in  a  molyb  lenum  crucible 
in  order  to  coupling  to  a  radio  frequency  induction  furr.ace.  The  cruci¬ 

ble  itself  was  held  inside  a  quartz  tube.  The  apparatus  was  evacuated  to  tetter 
than  10”^  mm  Hg.  A  thermocouple  permitted  observation  of  the  temperature  inside 
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the  crucible.  During  the  experiaont,  the  teaperature  was  held  between  1150^ 
and  1200°C  f or  X)  ainutee.  Quenching  proceeded  by  pennlttlng  a  degassed  Ice 
brine  of  -10°C  temperature  to  ruah  into  the  apparatus  while  the  heating  power 
was  atm  OB.  An  automatic  arrangement  cut  the  power  at  the  moment  when  the 
brlno  reached  a  contact  point  near  the  cnjclble.  A  hole  in  the  bottom  of  the 
crucible  permitted  easy  flow  of  the  quenching  liquid  through  th»  crucible 
around  the  imall  berylllx*  eaaple,  thus  cooling  it  very  rapidly. 


V.  MECHANICAL  STRAINING 


Various  modes  of  deformation  were  employed  during  this  program  bending, 
rolling,  compression,  and  tensile  straining.  In  some  limited  cases,  while 
working  with  polycrystall ine  berylliim  where  only  qxialltatiee  information  was 
sought,  the  specimens,  about  O.P  tin  thick,  were  bent  around  a  cylinder  of  2 
Inches  in  diameter.  This  introduced  sufficient  strain  to  insure  the  presence 
of  dislocations,  but  the  strain  was  distributed  very  inhomogeneously.  The 
specimens  cracked  at  some  places  or  were  strongly  deformed,  while  other  sec¬ 
tions  remained  practically  flat. 

Cold  rolling  of  polycrystalline  specimens  also  permitted  only  crude, 
qualitative  interfretations  of  the  resulting  dislocation  patterns.  An  attempt 
was  made  to  tensile  strain  small  berylliv*  single  crystal  strips  of  commercial 
purity,  Tb*  se  strips  already  showed  many  fine  cracks  alon^  the  basal  plane 
before  et'  Ining,  A  specimen  selected  for  the  tensile  test,  apparently  free 
of  those  c.’acks,  fractured  along  the  basal  plane  at  a  strain  of  less  than  0,1%. 

Flat,  thin  single  crystal  strips  have  been  deformed  by  compression  with  a 
hydraulic  press.  The  specimen  was  held  between  plain,  soft  iron  plates,  so 
thet  the  compression  axis  was  perpendicular  to  the  flat  surface  of  the  speci¬ 
men,  Since  the  crystallographic  orientation  of  the  specimens  deformed  In  this 
way  was  such  that  the  basal  plane  formed  an  angle  of  45®  with  the  flat  face  of 
the  specimens,  the  based  plane  was  also  inclined  4*^®  with  respect  to  the  com- 
preaslon  axis.  Compression  loads  of  50,000  ,  75,000,  and  100,000  psi  were  used, 
leading  to  a  reduction  in  specimen  thickness  of  approximately  4,  6,  and  8  to  10%, 
respectively. 

The  single  crystal  tensile  specimens  (Figure  9)  of  high  purity  (see  Section 
II-C)  have  been  deformed  by  means  of  an  Inatron  Tensile  Teeting  Machine,  with 
automatic  stress-strain  recording.  The  specimen  was  held  by  especially  designed 
grips  around  ita  conically  widened  end  sections,  insuring  proper  alignment  of 
the  crystal  with  the  stress  axis.  Markings  on  the  surface  of  the  specimen  along 
its  gauge  length  permitted,  in  addition,  a  differentiated  determination  of  strain 
along  the  specimen. 
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VI.  DISLOCATIONS  IN  PECHINET  FLAKE  bFRYLLIUM  (PCLYCHYSTALLINE) 


The  study  of  polycrystalline  specimens  of  vacuuia-melted  Pechlney  flake  be¬ 
ryllium  can  only  be  conrldered  as  a  qualitative  survey,  but,  nevertheless,  It 
gave  important  results  and  Indications  of  the  behavior  of  dislocations  in  be¬ 
ryllium.  Pechlney  flake  Is  of  relatively  high  purity  ('•O.CO^  impurity  con¬ 
tent;  compare  Section  II).  From  electron  diffraction,  etch  patterns  and  the 
length  of  dislocations,  it  is  concluded  that  the  polycrystalline  specimens 
studied  had  a  somewhat  preferred  crystallographic  orientation.  The  basal  plan* 
often  was  approximately  perpendicular  to  the  direction  of  viewing. 

A.  Specimens  as  received,  that  were  subjected  to  an  uiL^nown  heat  treat¬ 
ment  and  mechanically  deformed  during  the  process  of  machining,  revealed  many 
dislocations.  These  dislocations  were,  however,  dlstrltuted  rather  unevenly 
throughout  the  samples.  Areas  almost  free  of  dislocations  borh.ered  on  reglont 
of  rather  high  dislocation  density. 


Typical  micrographs  of  pechlney  flaxe,  as  received,  are  shown  in  Fig¬ 
ures  10,  11,  and  12.  Narrow,  elongated  loops,  a  few  Angstroms  in  width,  are 
seen  near  glide  dislocations;  their  length  varies  from  about  50  to  4000a. 
Further,  many  dark  dote  are  noted;  their  diameters  may  be  ao  small  a..  ‘‘-On  or 
less  but  were  not  observed  larger  than  200A.  One  is  tempted  to  interpret  them 
as  impurity  clusters.  However,  sinc«  these  dots  disappear  as  soon  as  the  dif¬ 
fraction  conditions  are  not  suitable  for  dislocation  contrast,  it  is  therefore 
concluded  that  those  black  dots  are  small  dislocation  loops,  i^ether  this  phe¬ 
nomenon  is  caused  by  vacancies,  by  impurities,  or  by  both,  is  difficult  to  de¬ 
cide  on  the  basis  of  studying  only  these  specimens.  There  seems  to  be  evidence 
th'it  many  dislocations  are  anchored  (see  arrow  in  Figure  10),  and  the  impurity 
hypothesis  appears  the  most  likely  one,  since  some  of  the  glide  dislocations 
are  drawn  out  for  large  distances.  It  is  conceivable  that  this  strong  pinning 
force  can  be  caused  in  various  ways  by  an  impurity  cluster  or  precipitate.  The 
dislocations  visible  in  these  micrographs  are  predominantly  straight.  If 
curves,  they  have  either  a  largo  curvature  (i.e.,  a  radius  of  about  1  c*  or 
greater),  or  their  curvature  is  very  small  (radius  of  a  few  thousand  Angetroms). 
Dislocation  cusps,  which  are  obviously  anchored,  are  frequent,  and  their  length 
may  reach  nearly  1 />*  ,  Nt)st  cusps,  however,  have  a  length  of  a  few  thousand 
Angstroms,  Sharply  kinked  dislocations,  often  in  the  shape  of  a  "V",  occur  in 
largo  numbers.  The  angle  between  the  legs  of  the  "V'’  is  betweer  20°  and  100° 
of  arc. 


In  specimons  where  obstacles  are  comparatively  rare,  the  dislocations 
have  a  pronounced  tendency  to  align  along  crystallographic  directions  as  deter- 
mlnf'd  by  electron  diffraction.  Further,  the  dislocations  are  always  Lmmobile 
at  the  stress  created  by  the  high  intonsltv  electron  beam  in  the  microscope. 
These  observations  point  to  a  high  Pe ierls-Nabarro  force  in  beryllium.  The 
dislocation  structure  described  gives  direct  evidence  for  an  extramely  effec¬ 
tive  dislocation  pinning.  It  appears  that  soraetLmes  dark  spots  are  at  the 
anchor  points  of  dislocations.  In  this  context,  it  ia  of  particular  signifi¬ 
cance  that  most  of  the  narrow,  long  loops,  the  "'/"-ahaped  dislocations,  and 
the  drawn-out  cusps  ore  pointing  in  the  same  direction. 
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Figure  10  -  Dlslocatlona  in  polycrystalline  bprylliuni  spociacn  (fechlney 
flake,  as  received).  Arrow  Indicates  pinning  of  glide  dis¬ 
location.  40,0CX):1. 


Figure  11  -  Polycrystalline  Fecbiney  flake  specimen.  Many  fine  dots 
visible  are  recognized  as  dislocation  loops.  40,000:1, 
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F If’Ui'*  12  -  PunJl^a  of  ilslocatlons  In  polycry stal  1  ine  Pechiney 
riaK»*  beryl  Hun,  40,000:1. 
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In  previous  papiero,  a  particular  typ>e  of  interaction  between  dislocn- 
tions  end  point  defects  and  their  aggregates,  naaed  ’’muahrooming" ,  has  been 
described  (Ref.  1).  Thia  leads  to  dislocation  tangles  with  Interspersed  prls- 
aatlc  loops.  The  Fechlney  flake  Bpoclmens  described  here  exhibit  such  disloca¬ 
tion  tangles  with  interspersed  prismatic  loops,  in  many  respects  so  similar  to 
those  observed  in  f.c.c.  metals  that  they  are  also  believed  to  be  the  result  of 
"mushrooming".  Typical  for  auch  dislocation  tangles  ar#  the  long  narrow  loops 
(see  Figure  11)  which  have  previously  been  explained  as  the  result  of  a  combined 
glide  and  climb  mechanlam  (Ref.  2),  These  dislocation  loops  in  the  tangles, 
which  presumably  are  always  at  right  angles  to  their  Burgers  vector,  have  only 
one  direction  in  Figure  11,  This  observation  seems  to  rule  out  an  alternate 
interpretation,  namely,  that  dislocation  interactions  between  two  systems  are 
responsible  for  the  tangles,  and  thus  mushrooming  remains  as  the  most  likely 
explanat ion. 

The  presence  of  long,  narrow  dislocation  loops  has  been  observed  in 
recent  years  In  a  nunber  of  deformed  crystals.  In  f.c.c.  metals  the  loops  are 
lying  parallel  to  the  <112>  ,  trailing  behind  screw  dislocations.  Their  long 
portions,  therefore,  have  edge  character  and  are  of  opposite  sign.  Since 
various  mechanisms  have  teen  proposed  to  explain  the  formation  of  the  "dipoles", 
as  these  long  narrow  loopa  are  now  being  called,  it  is  of  interest  to  study 
the  sjoectrum  of  widths  of  dislocation  dipoles.  Some  micrographs  of  Fechlney 
flake,  like  Figure  11,  have  been  evaluoted  for  this  purpose  and  the  loops 
countered  are  tabulated  in  the  histogram.  Figure  13. 

To  appraise  this  evaluation,  it  should  be  remeabered  that  the  crystal¬ 
lographic  orientation  of  the  individual  crystal  grains  was  not  known.  Some 
loops  may  therefore  appear  in  an  affine  projection.  This  will  not  affect  the 
conclusion  decisively,  however,  because  a  nvEsber  of  very  long,  but  extremely 
narrow,  loopa  leave  no  doubt  of  their  dipole  character.  Loops  thnt  are  listed 
as  having  a  width  of  5oX  are  not  resolved  in  the  micrographs.  Their  widths  may 
actually  be  "mailer,  down  to  at'^mic  dimensions.  They  are  recognized  to  be 
loopa  by  their  contrast,  by  their  alignment  with  1  ■'ng  resolved  loops,  and  by 
occasional  flared  sections  along  their  length.  Narrow  loops  of  extromoly  short 
extension  (<  looS)  are  not  considered  in  this  study.  They  may  be  of  a  differ¬ 
ent  nature  than  longer  dijoles,  A  small  fracture  of  the  loops  counted  are  open 
loops;  that  means  that  they  are  actually  long,  drawn-out  double  dislocations, 
as  for  Instance  seen  In  Figure  ID.  They  are  listed  us  "loopa"  when  their 
length-over-width  rat^o  ej^ceods  the  value  The  total  area  of  the  micrographs 
evaluated  amounts  to  2^^^,  equal  to  a  sp^eclmen  volume  of  The  vertical 

markers  in  the  histogram  refre.3ent  the  number  of  loops  thwit  were  countered  hav¬ 
ing  a  given  width.  To  facilitate  the  interpretation  of  these  values,  the  range 
of  loop  widths  was  divided  into  interva'js  of  100  Angstroms,  The  number  of 
loop)8  counted  which  fall  Into  the  given  Interval  is  indicated  by  the  broken 
line  in  Figure  I'’.  This  histogram  represents  the  density  distribution  of  loops 
as  a  function  of  their  widths.  It  is  apparent  that  the  number  of  loops  with 
width  <  50h  increases  sharply.  The  ilslocatlon  lenslty  In  these  micrographs 
has  been  measured  and  is  found  to  be  3  *  10^  cm/cm^.  The  contribution  of  the 
narrow  dislocation  dipoles  with  widths  <  5oX  (and  lengths  up  to  0.6^  )  to  the 
total  dislocation  density  amounts  to  40$,  small  short-length  loops  (width  and 
length  <  contributing  less  t,han  2$, 
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1  .  In  order  to  study  the  behavior  of  dislocations  in  Fechiney  flake  beryl¬ 
lium,  deformations  present  in  th»>  specimens  when  received  had  to  be  annealed  out, 
-  orao  electron  microscope  sj-eclaons  were  prepared  from  annealed  and  furnace-cooled 
material  before  it  waa  strained.  Very  few  dislocations  have  been  seen  in  this 
unstrainfKi  beryllium.  A  peculiar  pattern  of  elongated  markings  parallel  to  a 
certain  direction  was  otaervod  in  many  electropollahed  apecimens,  Figure  14.  It 
is  evident  that  these  markings  result  Trcm  the  polishing  procedure.  Precipitates 
may  have  formed  preferably  along  the  dislocation  sites  which  were  due  to  polygon- 
Izatlon,  and  the  electropolishing  process  then  reveals  those  sites  as  etch  pits, 
as  shown.  Some  impurities,  their  nature  not  identified,  were  seen  in  similar 
samples.  The  impurities  have  precipitated  preferably  along  sub-grain  boundaries, 
i- igure  I*". 

Annealed  Pechlney  flake  specimens  that  were  deformed  by  bending  around  a 
core  of  2"  diameter  were  electropollahed  and  studied  with  an  optical  microscope 
at  magnification.  Tb.e  surface  of  the  specimens  showed  many  slip  lines  which 

for  each  grain  belong  to  one  glide  system  only  (see  Figure  16),  After  thinning 
the  specimens  down,  the  electron  microscope  revealed  many  dislocations  of  widely 
varying  density.  Dense  bands  of  dislocations  running  nearly  parallel  to  each 
other  bordered  on  regions  almost  free  of  dislocations.  Some  reguleu-  dislocation 
netwoi  ks  d«>veloped.  It  Is  presumed  that  the  dislocations  in  Figure  17  represent 
basal  glide  with  Burgers  vectors  Inclined  120®  to  each  other.  This  could  not  be 
measured,  since  an  electron  diffraction  pattern  was  not  obtainable.  On  the 
other  hand,  the  basal  plane  is  the  major  slip  plane  In  berylliun,  and  the  long 
dislocations  suggest  the  conclusion  that  the  specimen  has  a  (0001)  crientatlon. 

On  many  intersections,  no  dislocation  reactions  seem  to  have  taken  place,  but  on 
a  small  fraction  of  Intersections,  the  original  four-fold  nodes  had  clearly 
Sfllt  into  tiiree-fold  nodes  (see  arrow  in  Figure  17),  This  Is  of  particular 
interest  for  three  reasons: 

(1)  For  metals  with  a  low  or  moderate  stacking  fault  energy,  three¬ 
fold  nojes  should  be  clearly  extended.  No  indication  of  extended  nodes,  however, 
was  found,  nor  have  any  dislocations  been  seen  which  were  split  Into  partiala. 
Thus,  tho  stacking  fault  energy  of  berylliun  must  be  high.  Referring  back  to 

the  discussion  of  dislocation  tangling,  it  should  be  noted  that  the  presence  of 
tangles  in  thn  Fechiney  flaxe  berylliun,  as  received,  and  its  absence  in  the 
s^-ecimens  discussed  here,  rule  out  the  explanation  that  the  dislocation  tangling 
is  somehow  dependent  on  the  magnitude  of  the  stacking  fault  energy,  since  there 
cannot  be  tr.at  much  difference  between  the  specimens  In  which  evidence  of  tan¬ 
gling  was  present  and  the  specimens  that  show  dislocation  networks  without  tan¬ 
gling,  Ther^  are  annealed  specimens  where  irregular  dislocation  patterns  have 
formed,  resembling  that  of  material  "as  received."  T7:e  dislocation  density  in 
*he3e  specimens,  however,  is  too  low  to  p>ennit  conclusions  concerning  the  llke- 
llness  of  tangling  at  higher  stresses, 

(2)  The  observation  that  the  dislocations  shown  in  Figure  17 
have  interacted  with  each  other  proves  that  et  least  two  different  slip  sys¬ 
tems  are  involve'!.  Nonetheless,  :o  tangling  has  taken  place,  while  the  dis- 
locatlcns  in  the  tangle  of  Figure  11  presumably  belong  to  only  one  system. 

This  is  a  furtl.er  argument  that  neither  the  formation  of  Intersection  Jogs  nor 
Jlslccaticn  interactions  can  be  the  major  cause  for  the  dislocation  tanglea. 
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Figure  L4  -  Pattern  ot'  etch  pita  In  annealed,  unstrained  Fechlr.ey  flake 
beryllium.  30,OOO;l. 


Figure  15  -  A  string  of  Impurity  cluntero  In  'inneiiled  Fechlney  flake 
beryllium.  7200:1. 
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linos  In  nnneulMi  nr,-  stiwino'd  ; ''lycr.  slnl  1  in**  1  o- 
ryl^luE  .T.H'if*  visll  U'  tl.rou^’h  ►  ctropol  isl.  1  r.f.-.  2"^r  ;  1 . 


(3)  Althou^:h  a  favorable  dlsloratlon  rap  cloa  wa.*-  ci^^arly  jnssll.- 
be'uiior'.  tba  two  eystems  of  Flpura  17,  tbrea-fol  i  mips  have  r.ot  form'J  at  a^iny 
lialoratlon  lr,terr.nctiony ,  This  Indicates  a  strong  frictional  stress  or.  ti.f 
i  Islocat  ions ,  Jtlch  prevents  tbe.t!  from  rotutlr.^^  at  tbe  four-i'old  r.oi'ra,  ;:r''b^.- 
In*^  tiiat  the  J 1  s  1  ocat  1  or.3  all  lie  in  th»'  same  plane.  A^ain,  the  evlbrc,>  of  a 
high  I  e ierls- Sabarro  force  in  herylliuE  ie  present.  Thiis  si.oul  i  r  ot  ie  too 
surprising  in  the  light  of  a  race.rt  theor^'tlcal  investigation  (rlaf.  3). 

CX;ir.g  to  its  low  c/a  ratio,  the  basal  plane  in  beryl  Hun  is  no^  close- 
p>acked.  Moreover,  it  has  a.  ready  beer,  Hduced  that  *h»  stacKing  fault  ener^"/ 
on  the  basal  plane  is  high,  indicating  that  the  stacKing  fault  position  does 
not  represent  a  configuration  of  effective  mir.laxjn  energy  for  the  atoms.  Con¬ 
sequently,  the  critical  resOi.vf*d  shaear  stress  ‘  wh;ich  slip  aHng  ‘'.he  hasai 
plane  wouH  taxe  place  in  the  absence  of  dislocations  munt  bo  high,  and  with  it 

*  he  1 elerls-Nabarro  stress. 

C.  Fechlney  flaxe  specimens  th.at  were  guenc bed  in  lce--ater  after  being 
held  at  a  temperature  of  1H0°C  for  3*^  minutes  also  sh.ow  rows  of  impurity  Clus¬ 
ters,  sometiaos  along  sub-bounoar  i  es.  Occasionally,  these  sub^h-oundar  ie  s  h.ave 
been  annealed  out,  ano  strings  of  precipitates  rtirain  In  the  lattice.  Thje 
presence  of  these  particles  in  quenched  specimens  would  indicate  th.at  there  is 
a  considerable  amount  oi'  insoluh.le  material  present.  Their  average  diameter 
Is  approximately  COCA,  The  nature  of  tbe  particles  has  not  been  Identlfifd, 

The  dislocation  density  in  these  speclmeru  is  extremely  low,  and  th.e  disloco- 

*  Ions  form  rather  irregular  patterns. 

Anticipating  a  clustering  :>f  point  defects  at  elevated  temperatures, 
the  quenched  material  was  ar.n--aled  at  300*^0  for  two  hours  after  deformation  by 
lending,  thinned  down,  and  eyatr.ir.ed.  Although  some  small  loops  have  been  seen, 
the  results  ar<^  not  conclusive  sinr«  they  ocrurrei  together  with  irregular  ar¬ 
rays  of  dislocations.  .So  evider.ee  of  p>olygonizatior  is  present.  In  th»-  micro¬ 
graph,  P’lgure  IP,  an  avalanche  of  d  i.n  locations  originated  obviously  from  the 
large  precipitate  p.article. 

-.urface  investigation  on  specimens  preparecJ  from  vacuum  melted  Peci.ir.  y 
flake  material  that  was  quenched  from  strained  by  bending,  and  polls!  »'d 

e  lectroly  t  leal  ly  revealed  some  unuswil  effects.  Figure  19  shows  an  area  coverf^d 
wi‘h.  a  series  o;'  fine  straight  lines  approx  im.ately  0.1  mm  long  a.^’d  pointing  in 
'  or  a  preferrf*!  d  Irect  Ion!"- .  These  markings  were  seen  over  large  surface  areas, 
and  it  is  not  unlikely  that  they  O'-p  resent  deformation  twins. 


VII.  JIZLCCATIOr^F  IK  PERYLLirM  Oh  COMMF.HCIAL  Fl'KITY  (SINGLE  CHYSTAli:) 


The  crysta  1. '>grin  h  ic  orientation  of  the  single  crystals  that  were  studied 
is  cho-n  in  ^h*-  st  ^-rnograp  hie  projection.  Figure  2C,  fhie  p'Ole  of  the  flat 
sp'ceixer  surfh^'-  -S  mark^'d  'i'’,  '.apurity  content  appirox  im.e  te  iy  10  times 

.nlgher  an  Th't  of  .'ecidney  flaxe  beryllium  i  found  In  these  crystals. 


^3 


rigiir**  -  A  larger  Ir.ciu^lTr.  p-irllcie  acting  as  dislocation  source. 
(recMney  flakp  beryllium).  4^i000il. 
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Figtire  20  -  St^reopraphlc  Projection 

(Indicating  the  Orientation  of  Beryllii* 
Single  Crystals  Used  in  This  Study) 


It  has  been  mor.tlored  already  (Section  IIl-A)  that  a  remarkably  uniform 
llstributlon  of  fine  dots  seen  In  electron  microscope'  speclmono  of  this  mate¬ 
rial  -  annealed  as  well  as  quenched  -  has  been  identified  as  artefacts,  due  to 
*he  polishing  teclinlque  employed.  Nevertheless,  numerous  observations  of  Im¬ 
purity  particles  have  been  made  in  borylllua  of  ccammerclal  purity,  while  such 
partlcifs  are  rarely  seen  in  Fechlney  flake.  Inclusions,  opaque  to  the  electron 
beam  and  as  large  as  2 in  diameter,  have  teen  detected  in  thinned  specimens, 
thus  verifying  obsprvatlons  of  other  workers.  Figure  21  shows  a  series  of  par¬ 
ticles  with  diameters  ranging  from  C.l  to  0,25 ,  as  seen  in  quenched  beryl- 
11  uu  (commercial  purity).  The  3haf>e  of  the  inclusion  particles  is  usually 
round,  although  larger  ones  tend  tc  be  irregular,  A  few  particles  with  regular 
quadratic  shape  have  also  been  found.  Dislocations  may  sometimes  be  anchored 
and  lociced  in  place  by  particles  that  are  large  enough  to  be  clearly  visible, 
as  shown  in  Figure  22. 

Dislocation  patterns  appear  quite  similar  in  annealed  and  quenched  speci¬ 
mens  when  studied  superficially.  As  a  rule,  areas  of  ilslocations  in  irregular, 
tangled  patterns  with,  sharp  kinks  and  occasionally  long  straight  section.a  ore 
found  In  all  sreclmens.  Tloser  inspection,  however,  reveals  some'  significant 
J  1  f  I'erer.r  es . 

A.  In  annealed  ano  f urnaeo-cooled  crystals  that  were  ieforrred  by  compres¬ 
sion,  a  lisloratlon  structure  as  shown  jn  Figure  23  is  sometimes  found.  The 
basal  plane  I3  *ilted  u''®  arouTid  the  [IlOO]  direction.  Un:er  those  coniltlons, 
single  slip  on  th*’'  basal  plane  with  the  Burgers  vector  1/2  [1  l20j  is  expected. 
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Inclusions  In  borylHun  crystnls  of  conu' 
riaTncters  rar.re  fr'm  C,1  to  0,25/^  ,  u" 
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Dls  Hc'it  1  cn.5  plnrcd  \ 
tervllluir.  o!'  c  'T-roLrc'. 


The  majority  of  the  single  dislocations  visible  in  Figure  23  presunuibly  belong 
to  this  slip  syste.Ti.  Surprisingly,  a  dislocation  array  of  high  density  In 
(2110)  is  also  observed.  The  appearance  of  this  structure  would  suggest  that 
some  unpredlcted  slip,  also  on  the  basal  plane  but  with  b2  =  1/2  D-2l0l  ,  has 
taJcen  place  and  that  dislocations  of  thece  tii«  systems  meeting  In  (2110)  hare 
reacted  as  1/2  [ll20]  1/2  [l210]l  =  1/2  [2H0J  to  form  a  wall  of  edge  disloca¬ 

tions,  This  dislocation  wall  represents  a  strong  obstacle  against  further  slip 
on  the  primary  slip  system. 

Since  the  sreclmens  were  deformed  with  a  comprossional  force  normal  to 
their  own  plane,  (2iIo)  la  a  likely  fracture  plane.  It  la  tempting  to  speculate 
that  the  high  density  dislocation  array  In  Figure  23  represents  an  incipient 
crack  In  that  same  plane.  On  the  other  hand,  the  dislocation  array  in  (2TI0) 
constitutes  a  "bend-plane"  (Ref.  4),  the  occurrence  of  which  has  been  assumed  to 
be  necessary  for  the  formation  of  cracus  on  (0001).  The  condensation  of  edge 
dislocations  Into  walla  of  the  same  nature  has  been  frequently  observed  in  this 
material  as  well  as  in  Pechiney  flake  specimens  (Figure  12).  They  are  found  to 
be  much  more  pronounced  In  high  purity  specimens  that  were  tensile-strained,  as 
described  in  Section  VIII. 

The  dislocation  structure  in  Figure  24,  also  found  in  an  annealed  emd 
compressed  crystal,  appears  to  be  similar  but  may,  however,  be  of  a  different 
nature.  The  difference  in  dislocation  contrast  on  both  aides  of  the  wall  indi¬ 
cates  that  the  crystallographic  misalignment  across  the  wall  is  stronger  than 
was  found  In  the  micrograph.  Figure  21.  Slight  tilting  of  the  specimen  in  the 
electron  microscope  Increases  the  contrast  of  the  barely  visible  dislocations, 
while  the  dislocation  contrast  on  the  other  side  of  the  wall  will  fade  out.  No 
such  pronounced  angular  difference  has  been  observed  In  the  "bend  plane"  dislo¬ 
cation  wall  described  above.  Therefore,  Figure  24  most  likely  shows  a  sub¬ 
boundary. 


It  is  difficult  to  enumerate  all  dislocation  observations  made  in  an¬ 
nealed  and  deformed  crystals.  There  are  sections  revealing  long  strands  of 
almost  parallel  dislocations,  observations  of  incipient  networks,  and  many 
cases  of  no  apparsnt  regularity  in  the  dislocation  structure.  The  dislocation 
density  is  very  inhomogeneous  throughout,  at  low  as  well  as  high  deformation 
stresses.  In  specimens  where  a  high  dislocation  density  is  found,  tangles  arf 
usually  presmnt,  Fmall  loops,  sometimes  of  irregular  shape,  are  seen  whenever 
irregular  dislocation  structures  are  encountered.  Figure  25,  taken  from  a 
Specimen  of  a  series  deformed  by  compression  about  Bi,  has  a  measured  disloca¬ 
tion  density  of  7  x  10°  cm/cm^.  Many  dislocations  lying  in  zig-zag  formation 
indicate  a  complex  deformation  mechanism;  their  three  dimensional  arrangement 
could  not  be  concluded  from  this  micrograph. 

During  the  electron  microscopic  investigation  of  thece  crystals,  one 
of  the  few  rare  cases  of  a  dislocation  moving  in  the  electron  beam  was  noticed. 

B,  In  order  to  Investigate  the  possible  Influence  of  vacancies  on  thf'  dis¬ 
location  behavior,  specimens  of  the  same  purity  and  orientation  were  quenched 
and  deformed  by  compression.  In  specimens  that  were  quenched  manually  from 
1150°C  in  ice-water  and  deformed,  dislocations  due  to  the  quenching  strain  as 
well  as  those  due  to  mechanical  deformation  ware  present,  quenching  disloca¬ 
tions  are  usually  found  to  11a  in  the  basal  plane  in  the  [ll20j  direction, 
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C  Isl'irnt  lor.  wall  lylnp  in  n  (2110)  plane,  S;ecL2 
wns  ‘.rinoaled,  furnar  e-cooled ,  anl  lefonccd  by  com 
kT#  ■; b  on.  4  '  ,00C  :1, 


l>-^ure  -  Olsloratlor  jail  In  an  arntalel  uni  corrpressed  Verylllun! 

crystal  of  com.iierrlal  purity,  represent  Inp  a  sub-boundary 
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Figure  2^^  -  r  luloc'it  1  or.  patt'^'rr.  of  Mgh  density  (cu.  7  x  10'  cn./cx^) 
In  en  nnri'^s'ied  eni  compressed  leryllium  single  crystal. 
Deforret  of  sample  was  Bt.  4'^,OOC:1. 


perponrUcular  to  the  axis  of  the  bassl  plane  tilt.  (Juite  often,  they  reveal  a 
slight  waviness  or  even  spiral  character,  as  seen  in  Klgure  26,  These  discon¬ 
tinuities  are  not  due  to  a  diffraction  phenomenon  but  are  real,  as  already  noted 
in  Section  VI-C,  In  Figure  26,  both  types  of  dislocations  are  present,  inter¬ 
spersed  with  particle  inclusions.  Dislocations  due  to  quenching  strain  ao*e 
found  to  te  much  more  nxiaeroua  when  the  quenching  is  rapid,  as  done  with  the 
quenching  apparatus  described  in  Section  IV,  Such  dislocations  are  seen  in  al- 
erograph  Figure  27,  taken  from  a  rapidly  quenched,  unJeformed  crystal.  Among 
the  more  complex  dislocations  (still  in  the  general  Cll^]  direction),  small 
loops  are  occasionally  found. 

Rapidly  quenched  crystals  have  been  defomod  as  usual  by  compression 
with  a  load  of  100,000  psi,  the  compression  axis  being  at  an  angle  of  45®  with 
the  [1120]  direction  in  the  basal  plane  of  the  crystal,  resulting  In  a  relative 
reduction  in  specimen  thickness  of  approximately  lOt, 

Striking  is  the  high  number  of  rather  large,  irregular  loops  and 
spiral-shaped  dislocations,  with  winding  diameters  of  0.2^  and  larger,  that 
were  found  in  thinned  down  specimens  (Figure  28),  Smaller  loops,  down  to  100 
or  even  5oX  in  diameter  are  in  evidence.  One  specimen  of  the  same  orientation, 
receiving  the  same  treatment,  revealed  a  rather  dense  network  of  dislocations. 
The  directions  of  thf>  two  sets  of  dislocations  creating  this  network  fora  an 
angle  of  60®  with  each  other.  Areas  with  regular  networks  border  on  regions 
with  more  irregular  dislocation  arrays,  interspersed  with  loops. 

Heavy  deformation  resulted  in  local  lattice  tilts  and  lattice  rota¬ 
tions  in  some  arras  in  the  specimens.  They  were  noticed  as  defined  regions, 
about  1 /I  in  diameter,  that  changed  contrast  with  respect  to  the  lattice  matrix 
when  the  specimen  was  rotated  in  the  electron  team.  These  regions  wore  bordered 
by  areas  of  high  dislocation  density.  Figure  29, 

From  micrographs  of  very  thin  specimens,  it  was  concluded  on  the  basis 
0*'  dislocation  contrast  with  respect  to  extinction  contours  that  approximately 
equal  numbers  of  dislocations  with  positive  and  negative  signs  eire  present  in 
these  specimens. 

Some  auxiliary  studies  have  been  conducted  on  the  fonnatlon  of  polygon- 
iiatlon  netw^^rks.  Annealed  single  crystals  of  commercial  purity,  about  0.8  mm 
thick,  with  the  basal  plane  inclined  45®  with  respect  to  the  flat  surface  of  the 
specLmens,  were  compressed  with  a  load  of  100,000  |08l.  They  were  then  wrapped 
in  tantaltn  foil  and  sealed  into  a  quartz  tube  with  a  Purgon  atmosphere.  The 
tube  was  held  at  a  temperature  of  ?00®C  for  30  minutes  to  obtain  jxjlygonizatlon , 
and  then  cooled  in  air. 


As  exp*>cted,  hexagonal  networks  have  been  observed,  with  hexagon  diam¬ 
eters  varying  from  180  -  4000A  (Ref.  5).  A  S'orvey  of  the  micrographs  obtained 
rives  no  indication  of  open  nodes  at  the  cross  points  of  the  networks.  Dislo¬ 
cation  groupings  forming  tilt  boundaries  were  also  observed  (see  Figure  yo). 

Some  surface  observations  on  crystals  of  commercial  purity  are  worth 
noticing.  Crystals  deformed  by  compression  regularly  showed  bands  of  si  ip  lines 
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Yigure  26  -  Di3lo<^nt  ions  Juft  to  quer.  .'f.  Ini?  i  aji'chonlral  ieformation 
in  comnercial  purity  beryl  iiun.  Specimen  was  manually 
quenched  in  ire- water.  ^0,000:1. 


27  -  Ji  3  I ''Cat  1  •  fi ,  <•.  an  Iforme-J  i3ulj''ctftd  to  rapid 

;  -''ncr.  in^ .  ^  ,000  : 1 . 


?  i^re  2^  -  Rapidly  quenched  crystal  of  conunerclal  purity,  d->for3.-"1 

by  compression  cn,  10^,  Note  large  Irregular  d  I  si ocst 1 cn 
loops  and  spiral-shaped  dislocations,  40,000:1, 
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:  l»rure  2''-'  -  Heavy  lattice  Je!orc;atlon  in  a  quench^*!  and  deformed 
bery'.liura  crystal.  ^0,000:1. 


7/ 


} ipure  30 


I 


-  Hexagonal  dislocation  network  due  to  polygonlrat Ion  In  a 
single  crystal  that  was  deformed  by  compression  and  re- 
annealed  at  800*^0  for  3'^  minutes.  40,000il. 
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after  electropo lleh Ing ,  when  Investigated  under  the  optical  microscope.  In  a 
specimen  where  tensile  straining  had  been  attempted,  these  slip  bands  were  con¬ 
fined  to  the  Iminodlate  fracture  tone  (fracture  occurred  here  along  the  basal 
plane  with  less  than  C.li  strain  accomplished).  The  eurface  of  cold  rolled 
crystals  was  to  about  30$  marked  with  twins  after  polishing.  Many  fewer  twins 
were  found  in  crystals  deformed  by  compression. 

A  single  crystal  of  a  different  orientation,  the  basal  plane  p)erpendlc- 
ular  to  the  flat  surface  of  the  specimen,  was  annealed  at  1150®C  for  one  hour 
and  allowed  to  cool  in  the  furnace.  After  electropollshlfig ,  the  specimen  was 
Investigated  with  an  optical  microscope,  A  substructure  similar  to  that  observed 
frequently  In  tine  was  found  (see  Figure  31).  A  network  of  elongated  cells  Is 
formed,  with  the  basal  plane  trace  in  the  direction  of  the  longer  cell  dimensions 
Undoubtedly,  these  cell  boundaries  are  due  to  a  concentration  of  Impurities 
(probably  aluminva  or  iron)  produced  during  the  solidification  and  annealing  proc 
ess.  Similar  obseinratlons  have  bean  mads  on  sine  where  this  phenomenon  has  been 
extensively  studied  (Ref.  6), 


VIII.  DISLOCATIONS  IN  HIGH  PURITY  BERailUM  (SINGLE  CRYSTALS) 


A.  Specimen  1:  A  single  cr^.  1  tensile,  specimen  was  made  available  for 
electron  microscopic  studies  after  it  had  been  tensile  strained  in  The  Metal¬ 
lurgical  Laboratory  of  The  Franklin  Institute.  It  was  spark  machined  from 
vac\i\»-dl8tllled  beryllium  (supplied  by  Nxiclesr  Metals,  Inc.)  aftf  receiving 
one  fast  rone-refining  pass.  Its  basal  plane  and  [ll5oJ  direct u.'  frevlous  to 
straining  ware  Inclined  45°  to  the  specimen  axis.  The  specimen  was  stn  ined  to 
fracture,  which  occurred  along  the  basal  plane.  Its  elongation  amounted  to 
32,3$.  Figure  32  shows  a  micrograph  characteristic  for  the  fracture  surface. 
Microscope  Bc;ecijiens  were  cut  from  this  crystal  parallel  to  the  basal  plane  by 
electrolytic  techniques.  The  first  specimen  of  this  series  was  taken  from  the 
section  adjacent  to  the  fracture  plane,  its  jpollshed  thin  area  approximately 
30^  distant  from  this  plans.  Other  specimens,  cut  from  sections  farther  down 
in  the  crystal,  revealed,  however,  the  same  details. 

Very  characteristic  are  dense  bux>dle8  of  dislocations,  their  direction 
being  parallel  to  (1120)  planes  and  perpendicular  to  the  direction  of  slip  (Fig¬ 
ures  33  and  34),  thus  Identifying  them  as  being  composed  of  edge  dislocations. 
The  length  of  these  bundles  ranges  from  approximately  1  to  10 /«  ,  with  an  average 
length  of  5^*  Their  width  Is  approximately  800a.  About  four  bundles  were 
counted  within  an  area  of  100/<  .  The  dislocation  density  within  the  bundles  is 
high.  Aasumlng  a  thickness  of  2500A  for  the  specimens,  the  maximum  observable 
dislocation  density  la  calculated  to  be  10^^  cm/cn^.  This  density  is  exceeded 
within  the  bundles.  Occasionally,  It  can  be  observed  that  the  contrast  of  the 
dark  bundles  changes  to  a  very  light  contrast  when  the  specimen  is  tilted 
slightly  in  the  electron  microscope.  Indicating  a  large  amount  of  shear  within 
the  bundles.  Typical  dislocation  densities  between_th0  bundles  range  from 
6-11  X  10^  cm/cm^.  Making  use  of  the  formula  Y  =pbS,  the  average  travel 
length  j?  for  dislocations  can  be  calculated,  p  is  the  dislocation  density,  b 
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?"lgiire  31  -  Substructure  In  anneulei  terylilun  slnple  crystal  of  com¬ 
mercial  purity.  Cell  bouniarles  are  due  to  a  concentra¬ 
tion  of  Impurities,  350j1. 


Figure  32  -  Fracture  surface  on  beryllium  tensile  specimen.  300tl, 
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33  -  I)pn;'P  hurdles  of  dislocations  In  a  high  purity  lerynium 
tensile  speciraen,  lying  in  the  hasnl  plane  parallel  to 


34  -  Iv'r.f’  straight  anl  klnkei  d Isl'^rat  1  ons  between  dense 
ilslocfttlor.  bun-llea.  4'", 000:], 
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the  Burgers  Tector,  and  Y  the  resolved  shear  strain.  With  a  speclaen  thick¬ 
ness  of  2500a  and  a  density  of  10^*^  caa/ca^,  a  dislocation  travel  length  of  ^0^ 
Is  calculated, 

A  striking  slnilarity  Is  noticed  between  the  dislocation  bundles  de¬ 
scribed  here  anl  the  dislocation  wall  shown  in  Figure  23.  Note  that  the  dis¬ 
locations  between  the  bundles  in  Figure  >4  are  auch  longer  than  those  In  Fig¬ 
ure  23,  because  the  basal  plane  Is  viewed  perpendicularly  In  Figure  34,  while 
it  appears  under  an  angle  of  45°  in  the  aicrograph  in  Fig\ire  23.  Sharp  kinks, 
as  have  been  observed  in  other  sajoples  of  different  treatment,  are  again  pres¬ 
ent  in  addition  to  dipoles  or  long  loops,  Soaetlaes,  aore  or  leas  regular  net¬ 
works  are  formed,  for  which  Figure  35  gives  an  example,  A  larger  precipitate 
particle  acting  as  a  source  for  dislocation  loops,  spread  out  in  the  direction 
of  slip,  is  seen  in  Figure  3^.  Observations  on  this  specimen  have  been  veri¬ 
fied  by  a  comprehensive  study  of  specimens  2  and  3* 

B,  Specimens  2  and  3,  mentioned  in  Section  II-C  of  this  rejort,  were  ob¬ 
tained  from  tho  center  of  a  bar  which  was  subjected  to  six  zone-refining  passes. 
The  zone-refined  bar  was  made  from  distilled  beryllium.  After  5park-aacblnir,g , 
tho  tensile  specimens  wore  electropol iahed ,  removing  an  additional  5  mils  from 
the  surface  of  the  specimens.  An  indication  of  the  purity  of  tho  material  may 
be  given  by  the  estimated  resiatanc^  ratio 
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This  estimate  was  made  by  Nuclear  Metals,  Inc.,  who  supplied  the  ten¬ 
sile  specimens  2  and  3. 

Specimen  2  appeared  to  be  slightly  bent  when  received.  Optical  micro¬ 
scopic  inspection  of  the  surface  revealed  clear  traces  of  intersections  of 
basal  plane  with  the  cylindrical  surface  over  its  entire  length.  This  cannot 
be  taken  as  evidence  that  the  specimen  had  been  deformed  accidentally,  since 
pxDllshlng  may  produce  this  effect  also.  Some  small  etch  pits  observed  were 
considered  insignificant  for  the  following  studies.  The  crystallographic 
orientation  was  deternlned  by  a  Laue  back-reflection.  The  basal  plane  was 
found  to  form  an  angle  of  39®  with  the  axis  of  the  spec^^en,  tilted  around 
the  direction,  so  that  only  one  glide  system  [112Q]  was  expected  to  be 

operative  in  the  tensile  test.  The  overall  length  of  the  specimei.  was  slightly 
less  th^n  1  inch,  with  about  12  m  gauge  length.  The  thickness  varied  along 
the  gauge  length  of  the  specimen  from  2,62  mm  diameter  to  2,72  mm,  with  an 
average  diameter  of  2,65  nun.  During  tho  tensile  test,  a  strain  of  2\%  (meas¬ 
ured  between  two  gauge  marks)  was  obtained.  The  strain  ailong  the  specimen  was, 
however,  not  uniform,  ranging  from  2%  at  one  end  to  almost  3251  near  the  center 
part,  Tlie  specimen  did  not  fracture  during  tho  teet.  A  maxlmvin  stress  of 
2,47  kg/mm^  (3530  p)Sl)  was  measured.  After  the  tensile  deformation,  the  new 
orientation  of  the  basal  plane  was  determined.  It  was  now  found  to  include  an 
angle  of  30®  with  tho  specimen  axis  in  regions  of  heavier  deformation,  and  37® 
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Figure  35  -  Dislocation  network  found  between  dense  dislocation 
bundles.  90,000il. 


Figure  36  -  A  precipitate  particle  acting  as  source  for  dislocation 
loops  in  a  high  piirity  tensile  speciaen.  40,000:1. 
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In  raglona  where  the  defomation  was  slight.  Slip  lines  with  clearly  discerni¬ 
ble  steps  were  risible  in  the  optical  microscope.  Only  basal  plane  slip  could 
be  detected  in  this  way. 

In  order  to  prepare  electron  microscope  specimens,  thin  slices  (0.5 
thick)  have  been  exit  from  the  crystal  parallel  to  the  (0001)  basal  plane,  and 
others  parallel  to  the  (lolo)  prism  plane  that  was  subjected  to  maximal  strain. 
Cutting  was  dona  by  means  of  a  spark  cutting  machine.  Transsdsslon  specimens 
for  electron  microscopic  investigation  have  been  prepared  from  the  canter  of 
the  slices,  thus  polishing  off  any  (>ossible  stirface  damage  done  during  the  cut¬ 
ting.  It  was  noticed  that  frequently  cracks  opened  up  in  the  samples  during 
the  polishing  process,  running  parallel  to  the  basal  plane.  In  fact,  specimens 
cut  paradlel  to  (1010)  fractured  very  easily  along  the  basal  plane,  even  with 
no  app>arent  stress  applied. 

The  dislocation  pattern  of  microscope  specimens  cut  paralltl  to  the 
(OOOl)  basal  plane  from  this  sample  resembles  closely  that  of  specimen  1.  Long 
drawn  cut  arrays  of  edge  dislocations  and  a  large  nunber  ot  dipoles  and  long 
loops  were  observed,  their  long  portions  likewise  having  edge  character.  Dis¬ 
location  bundles  were  formed  of  a  high  density,  as  have  been  observed  in  speci¬ 
men  1,  as  well  as  b\uidles  that  were  formed  in  a  more  loose  fashion,  shown  in 
Figure  37. 


A  characteristic  pattern  of  kinked  edge  dislocations,  their  kinks  con¬ 
nected  by  screw  dislocations,  is  shown  in  Figure  3S.  It  har  also  been  observed 
in  the  diffraction  electron  microscopy  of  sine  (Ref.  7).  Host  striking,  how¬ 
ever,  is  the  formation  of  long  dipoles  (see  Figure  39).  That  their  long  sec¬ 
tions  are  edge  dislocations  of  opposite  sign  is  concluded  from  their  direction 
at  90°  to  the  main  slip  system  and  th*  change  of  contrast  between  their  com¬ 
ponents.  The  stable  f>osltion  for  parallel  edge  dislocations  of  opposite  sign 
is,  because  of  the  hexagonal  anisotropy,  slightly  different  from  45°.  It  is 
calcxilated  to  be  46°5'  ss  measured  from  the  basal  plane  (Ref.  8)»  It  is  safe 
to  assuBe  then  (and  this  view  is  supported  by  micrographs  of  the  (1010)  prism 
plane)  that  the  components  of  the  dipoles  observed  lie  in  basal  planes  separated 
by  apjproxlaately  250a,  l.e. ,  under  an  angle  of  46°  to  the  P.12QJ  direction  in 
the  basal  plane. 

The  forces  between  the  parallel  dipole  sections  have  been  calculated. 
The  force  component  in  the  basal  plane  for  the  stable  conf igxiratlon  is  zero, 
while  the  force  component  perpendicular  to  the  basal  plane  amounts  to  an  at¬ 
traction  of  4.8  X  10~3  dyneZ/M  .  This  value  is  based  on  the  elastic  constants 
of  berylliv*  ae  measured  in  1956.  It  may  be  in  error  to  the  extent  that  the 
elastic  constants  of  the  material  investigated  here  are  different  from  those  of 
beryl! luB  available  some  years  ago. 

The  dipoles  appear  to  be  twisted  at  some  points,  axid  interactions  with 
dislocations,  possibly  belonging  to  another  glide  system,  are  visible.  Many 
dislocations  are  lying  in  <ll00>  directions,  having <ll2o>  Burgers  vectors. 

The  angles  between  kinked  dislocation  sections  quite  frequently  measure  60°  or 
120°,  respectively.  It  shoiild  be  remembered  that  dislocations  lying  in  tbe 
prism  plane,  if  present,  could  not  be  seen  in  these  specimens,  since  they  are 
cut  perpendicular  to  the  (lIOO)  plane.  It  is  likely  that  the  zig-zag  disloca¬ 
tion  shown  in  Figure  39  is  part  of  a  screw  dislocation,  anchored  at  the  kinks 
by  lattice  imperfections. 
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Figure  38  -  Dislocation  pattern  In  high  purity  berylllim  tensile  speci¬ 
men.  Note  several  barely  visible  dislocations  Joining  kinks 
of  two  neighboring  edge  dislocetlons.  40,000:1. 
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Fif^ure 


-  Dipole  formations  in  a  high  pnirlty  berylllun 
4r,OOC):l. 
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Figure  40  is  a  micrograph  of  a  specimen  cut  parallel  to  the  prism  plane 
(lolo),  QS  Indicated  by  its  pole,  marked  "C"  In  the  eteroographi,c  projection, 
Figure  20,  The  glide  packet  traces  shown  mark  the  basal  plane.  No  other  dislo¬ 
cation,  Justifying  the  assumption  of  slip  on  prism  planes,  could  be  detected. 
Quite  frequently,  the  glide  packets  reveal  long  dislocations  with  dipole  charac¬ 
ter,  the  projpcted  distance  of  the  dipole  components  being  in  the  order  of  250A, 
They  may  therefore  be  perpendicular  projections  of  dipoles  as  shown  in  Figure 
30.  Thicker  glide  packets  up  to  4000A  are  present.  Occasionally,  strands  of 
packets  even  as  wide  as  1/^  were  seen.  An  average  distance  between  neighboring 
glide  packets  is  l,5/<.  The  assumption  that  the  majority  of  dislocations  are 
concentrated  in  the  thin  glide  packets  would  give  travel  lengths  for  the  dislo¬ 
cations  even  greater  than  previously  calculated  (a  value  of  30^  had  been  cal¬ 
culated  under  the  assumption  of  uniform  dislocation  density). 

Specimen  3,  Identical  in  purity  with  specimen  2,  was  of  comparable 
length.  Its  diameter  was  smaller,  ranging  from  1,94  mm  to  2,18  mm.  The  basal 
plane  was  found  to  form  an  angle  of  45°  with  the  specimen  axis,  the  two  <  1120> 
directions  on  which  glide  was  expected  to  occur  lying  with  3°  accuracy  sym¬ 
metrical  to  the  axis.  The  tensile  axis  of  this  specimen  is  marked  "B"  in  Fig¬ 
ure  20,  A  aeries  of  cracks  was  seen  at  one  end  of  the  specimen  near  the  grip 
section,  the  cracks  following  the  outline  of  the  basal  plane  traces.  Figure  41, 
However,  when  strained,  no  fracture  occurred.  Practically  no  elongation  was 
measured  in  the  region  of  the  cracks,  but  they  could  optically  be  seen  to  have 
slightly  widened.  Maximum  strain  at  one  section  along  the  crystal  was  near 
2B%;  overall  strain  between  gauge  marks  was  12$,  The  study  of  the  surface 
after  straining  again  revealed  slip  lines.  It  is  interesting  to  note  th^t  the 
rather  weak  slip  lines  near  the  cracks  (low  deformation)  do  not  follow  exactly 
the  direction  of  the  cracks.  The  slip  lines  in  most  regions  of  the  crystal 
were  rather  straight,  marking  the  basal  plane.  In  one  small  region,  double 
slip  was  found  to  be  present,  owing  to  glide  on  both  the  basal  plane  and  a 
prism  plane  (Figure  42),  The  oblique  angles  in  Figure  42  are  due  to  the  fact 
that  the  (lOlO)  plane  on  which  the  double  slip  was  obseived  is  seen  under  an 
angle,  and  the  slip  traces  are  projected  on  a  cylindrical  surface. 

Electron  microscope  specimens  were  cut  from  this  crystal  again  paral¬ 
lel  to  the  (0001)  basal  plane  and  parallel  to  a  (loIo}  plane  on  which  double 
slip  had  been  observed. 

In  micrographs  viewing  the  (lOlO)  prism  plane  perpendicularly,  no  sig¬ 
nificant  difference  wm  detected  when  compared  with  similar  micrographs  of 
specimen  2,  in  which  only  one  slip  system  was  operative.  Thick  glide  packets 
were  few,  thin  dipole-like  projections  being  the  rule  (Figure  43).  An  indica¬ 
tion  of  the  distribution  of  the  glide  regions  as  projected  on  the  prism  plane 
is  given  by  Figure  44,  which  is  taken  at  four  times  lower  magnification  than 
Figure  43.  Dislocations  on  the  basal  plane  form  the  already  familiar  bundles 
of  edge  dislocations,  dipole  formations  similar  to  Figure  39,  loops,  etc. 

Figures  45,  46,  and  47  give  an  indication  of  the  variety  and  complexity  of 
formations.  Series  of  large  dislocation  links  of  high  regularity  were  ob¬ 
served  with  radii  of  0.5  to  2^,  The  dislocation  structures  in  Figure  45  de¬ 
serve  particular  attention.  The  straight  sections  of  the  kinxed  dipoles  lie 
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Figure  40  -  Dislocation  arra^'  as  on  a  (1010)  plane. 

40,000 tl. 


Hgurp  41  -  Cracks  on  the  surface  of  a  high  purity  tensile  crysta’ 
before  straining,  26njl, 
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Figure  43  -  Dislocation  pattern  projected  on  a  (lolo)  plane 
the  foraatlon  of  dipoles.  40,000il. 


Figure  44  -  Dislocations  as  seen  on  a  (1010)  plane  at  lower  •gagnlflca' 
tlon.  lO.OOOil. 
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Irregular  dislocation  array  with  loops  and  dislocation 
area  in  a  high  purity  crystal,  40,000:1, 


in  <1010^  directions  in  such  a  manner  taau  one  o*.  Lli«i>e  dlrectlonti  is  perj.^n- 
dicular  to  one  of  the  two  active  glide  vectors  (i.e.,  parallel  to  the  majority 
of  "bundles"  and  long  dipoles);  the  other  direction  is  determined  by  the  result* 
ant  of  the  two  active  glide  vectors.  Kinked  dipoles  of  this  type  are  quite  com¬ 
mon  In  berylll\*  crystals  and  have  also  boon  found  in  polycrystalline  Pechlney 
flake.  Not  always  do  double  dislocations  lie  in  an  orientation  with  low  crystal¬ 
lographic  indices.  In  Figure  46,  only  the  dislocation  branches  approximately  in 
the  lower  center  of  the  micrograph  and  in  the  section  in  the  loft  hand  corner 
are  perpend iculaur  to  a  possible  glide  direction,  while  the  resolved  dipole  in 
this  micrograph  points  to  flidO] ,  That  the  components  of  this  dipole  are  paral¬ 
lel  and  straight  over  a  length  of  almost  Indicates  an  effective  locking 
mechanism.  Dipoles  of  this  type  sometimes  have  been  seen  to  be  "twisted."  Oc¬ 
casional  dislocation  movement  was  detected  during  the  electron  microscopic 
study.  Dislocations  moved  rapidly,  but  only  over  short  distances,  and  app^)eared 
to  be  locked  again  in  their  new  position. 


n.  DISCUSSION  AND  CONCLUSIONS 


This  Investigation  was  initiated  in  order  to  examine  the  relationship  be¬ 
tween  dislocations  and  the  failure  of  beryllium  crystals.  Tbe  discussion  will 
endeavor  to  evaluate  the  experimental  material  within  the  given  scope,  and  no 
attempt  will  be  made  to  cover  completely  the  numerous  observations  which  have 
a  bearing  on  the  theory  of  dislocations. 

With  regard  to  the  brittleness  problem  of  beryllium,  the  following  conclu¬ 
sions  had  been  drawn  from  observations  on  dislocations  after  some  preliminary 
experimental  work  (Ref,  9)»  (1)  Dislocation  pinning,  and,  to  some  extent,  dis¬ 

location  tangling,  are  the  predominant  features  In  the  dislocation  behavior  of 
beryllium  crystals  produced  from  Pechiney  flakes  or  from  commercial  material; 

(2)  The  frictional  force  acting  on  moving  dislocations  In  Pechlney  flake  and 
commercial  material  Is  high  as  compared  to  hexagonal  metals  with  a  c/a  ratio 
larger  than  the  ideal  flose  packing;  (3)  The  stacking  fault  energy  Is  high, 
l.e.,  about  50  ergs/cm^  or  more. 

The  comprehensive  work  carried  out  In  the  course  of  this  investigation  on 
specimens  prepared  from  commercial  material,  Pechlney  flake,  and  hlgh-purlty 
material  has  confirmed  the  above  statements.  Elxtensive  evidence  for  the  pinning 
and  tangling  of  dislocations  has  been  obtaine-l,  and  examples  of  patterns  are 
presented  by  electron  micrographs  In  Sections  VI  and  VII,  which  describe  the  re¬ 
sults  on  Pechiney  flake  and  coranercial  beryllium.  Also,  the  fact  that  disloca¬ 
tions  strongly  prefer  to  lie  parallel  to  crystallographic  directions  In  samples, 
regardless  of  purity,  strengthens  our  contention  that  the  frictional  force  on 
Bvovlng  dislocations  is  high.  The  third  point  -  the  question  of  stacking  fault 
energ;'  -  shall  be  elaborated  on  in  more  detail, 

A  direct  measurement  of  the  stacking  fault  energy  can  be  obtained  through 
measurements  on  "open"  nodes  In  dislocation  networks,  V.  D.  Scott  (Ref.  10) 
claims  to  have  seen  open  no'les  In  beryllium  and  concluded  that  the  stacking 
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fault  energy  lu  rather  aaall.  The  atacking  fault  energy  =  Gb  /2R,  with  G 
the  modulus  of  rigidity,  b  the  Burgers  vector,  and  R  the  radius  of  the  stack¬ 
ing  fault  forming  the  open  node  (see  Figure  46 )•  In  order  to  obtain  a  decisive 
answer  to  this  question,  deformed  specimens  (commercial  purity  berylllimi)  were 
polygonized  for  30  minutes  at  800®C  and  examined  by  diffraction  electron  mi¬ 
croscopy.  Numerous  networks  were  observed,  but  no  evidence  for  open  nodeo  was 
obtained.  However,  occasionally  hexagonal  networks  exhibited  contrast  at  one 
side  of  the  threefold  nodes  as  Indicated  In  Figure  48  (shaded  area).  Obvi¬ 
ously,  this  contrast  Is  not  due  to  "open**  nodes,  but  is  caused  by  a  diffrac¬ 
tion  effect  because  of  the  distortion  of  the  lattice  near  the  nodes,  provided 
that  the  orientation  of  the  specimen  is  asymmetrical  with  regard  to  the  rela¬ 
tion  between  network  and  diffraction  condition.  It  la  known  that  Impurities 
can  change  the  stacking  fault  energy  to  a  considerable  extent.  Therefore,  it 
Is  advisable  not  to  generalize  when  referring  to  stacking  fault  energise  in 
beryllium,  since  little  is  known  about  the  local  distribution  of  Impurity  atoms 
In  this  metal. 

The  brittle  fracture  of  commercial  and  Pechlney  flake  berylllun  la  gener¬ 
ally  a  cleavage  failure  along  the  basal  plane.  All  microscopical  theories  of 
brittle  fracture  assume  the  nucleatlon  of  a  crack  through  (1)  Internal  stress 
concentrations  or  (2)  through  the  formation  of  voids.  Stress  concentrations 
caused  by  dislocation  mechanisms  all  employ  dislocation  groups  on  one  or,  loss 
frequently,  on  two  Intersecting  glide  planes,  as  well  as  small  angle  boundaries 
ending  within  the  crystal,  and,  finally.  Interactions  of  dislocations  with 
boundaries.  The  dislocation  patterns  observed  by  diffraction  electron  micros¬ 
copy  will  now  be  assessed  In  the  light  of  these  concepts. 

The  present  study  had  been  designed  to  compare  the  dislocation  patterns  In 
brittle  beryllium  with  those  of  ductile  beryllium,  assuming  that  substantial 
differences  would  exist.  In  this  respect,  the  investigation  may  be  considered 
successful  since.  Indeed,  marked  differences  in  dislocation  behavior  between 
high  purity  beryllium,  on  the  one  hand,  and  coounerclal  and  Pechlney  flake  mate¬ 
rial,  on  the  other,  have  been  fotind. 

The  most  prominent  feature  In  the  arrangement  of  glide  dislocations  In 
high  purity  beryllium  la  their  grouping  Into  flat  'bundles"  parallel  to  <1100>, 
i.e.,  they  consist  of  edge  dislocations.  A  considerable  proportion  are  di¬ 
poles,  which  Is  In  good  agreement  with  the  fact  that  no  Internal  stresses 
originating  from  the  clusters  ccnld  be  detected  by  diffraction  contrast  tech¬ 
niques,  In  addition,  many  dislocations  are  present  having  fairly  large  link 
lengths  and  often  being  almost  straight.  In  contrast  to  this  dislocation  pat¬ 
tern,  the  distribution  of  glide  dislocations  In  Pechlney  flake  and  commercial 
beryllium  is  quite  different  regarding  both  the  appearance  of  individual  dis¬ 
locations  as  well  as  their  clustering.  The  arrangements  frequently  observed 
are  irregular  boundaries,  possibly  similar  to  those  observed  in  pure  fee  metals, 
and  large  parts  of  the  crystal  volume  filled  with  glide  dislocations  at  random. 
In  addition,  a  smaller  ninber  of  dislocation  groups  and  small  angle  bouzvlarles 
ware  seen,  and  these  observations.  In  particular,  are  pertinent  to  the  brittle¬ 
ness  problem.  Evidence  provided  by  diffraction  contrast  Indicates  not  only  that 
slight  differences  In  orientation  exist  between  crystal  volxmes  separated  by  the 
irregular  boundaries,  but  also  that  the  dislocation  clusters  produce  Internal 
stresses.  It  must  be  concluded  then  that  dislocations  of  one  sign  are  primarily 
present  In  these  groups. 
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Fig\ir*  48  -  Schematic  drawing  of  open  node  in  a  dislocation  netwcrk. 

Only  shaded  area  A  has  been  observed  in  this  Investigation 
to  show  diffraction  contrast,  while  for  dislocations  with 
small  stacking  fault  energy  ai'eaa  B  and  C  also  should  have 
contrast,  comparable  to  A, 
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The  cause  of  the  different  dislocation  behavior  In  brittle  as  compared  to 
ductile  beryllium  la  undoubtedly  due  to  the  pinning  of  dislocations,  A  pre¬ 
ponderance  of  pinning  points  along  the  dislocation  line  not  only  will  be  re- 
sponnlble  for  an  Increase  of  stress  to  move  tha  dislocations  an  a  whole,  but 
also  they  provide  for  many  potential  dislocation  sources.  The  first  effect 
causes  the  flow  stress  of  brittle  beryllium  to  be  one  order  of  magnitude  higher 
than  for  the  ductile  material;  thereby,  the  sum  of  applied  and  internal  stress 
a  priori  is  very  high,  and  already  at  the  beginning  of  plastic  deformation  the 
combined  stress  lo  in  the  range  of  the  fracture  stress.  The  operation  of  dis¬ 
location  sources  at  these  high  stresses  will  undoubtedly  be  by  the  Frank-Read 
mechanism,  which  would  easily  explain  tha  presence  of  dislocation  groups  con¬ 
sisting  of  dislocations  of  one  sign  in  the  brittle  material.  The  high  impurity 
content  of  brittle  beryllium  suggests  that  the  pinning  of  dislocations  is  caused 
by  impurities  which  are  in  solution.  Another  reason  for  the  production  of  dis¬ 
location  groups  was  Indicated  by  the  observation  of  larger  precipitates  uhich, 
because  of  their  different  coefficient  of  thermal  expansion,  originate  many 
dislocation  loops. 

It  has  become  increasingly  clear  in  the  course  of  this  study  tha-  impuri¬ 
ties  and  vacancies  have  a  profound  influence  on  the  multiplication  of  disloca¬ 
tions  in  beryllluB  containing  different  amounts  of  impurities.  Since  the  fail¬ 
ure  of  beryllium  commonly  Is  by  cleavage,  the  influence  of  dislocation  bouivd- 
aries  and  particular  dislocation  groups  and  the  interaction  of  the.  latter  with 
the  former  is  of  greatest  importance  for  tho  separation  of  two  close-packed 
planes,  l.e,,  the  formation  of  crack  nuclei.  The  results  obtained  so  far  sup¬ 
port  the  contention  that  the  detailed  mechanism  of  crack  f''rmatlon  in  beryllium 
of  different  impurity  content  can  be  resolved  by  applying  the  diffraction  elec¬ 
tron  microscopy  method. 
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